Background: Pulse pressure and aortic pulse wave velocity, measures of arterial stiffness, are both important determinants of cardiovascular risk. However, assessment of peripheral pulse pressure does not always provide a reliable measure of changes in central pulse pressure or arterial stiffness. The aim of the present study was to assess the effect of acute changes in heart rate on arterial stiffness and on peripheral and central pulse pressure in healthy subjects. Methods: Twenty subjects (age range, 20 to 72 years) were studied at cardiac catheterization. Pulse wave analysis was used to determine central pressure, augmentation index (AIx), a measure of systemic arterial stiffness, and aortic pulse wave velocity (PWV) during right atrial pacing (80 to 120 beats/min).
A
rterial stiffness is an important determinant of cardiovascular risk 1 and can be assessed by a number of methods, including measurement of aortic pulse wave velocity and local arterial distensibility. Peripheral pulse pressure also provides a surrogate measure of arterial stiffness and is an independent predictor of cardiovascular mortality in both normotensive 2 and hypertensive individuals. 3 However, pulse pressure varies throughout the arterial tree, 4 in part because of differences in vessel compliance and the phenomenon of wave reflection. 5 Importantly, the degree of pulse pressure amplification, from the aorta to the brachial artery is not fixed and varies with posture, 4 exercise, 6 and age. 5 Therefore, brachial artery pressure may not provide a reliable estimate of central pulse pressure. This is important, because central (not peripheral) pressure determines left ventricular workload. 7 Indeed, the shape of the central pressure waveform correlates with the degree of left ventricular hypertrophy, an important independent predictor of mortality, in normotensive 8 and hypertensive individuals. 9 Moreover, central but not peripheral pulse pressure is associated with carotid intima-media thickness, 10 which is itself an important predictor of cardiovascular risk.
The central arterial pressure waveform contains important information concerning both local and systemic arterial stiffness, and can now be evaluated using the technique of central pulse wave analysis (PWA). 11 Highfidelity radial artery waveforms are recorded, noninvasively, using the principle of applanation tonometry; from these, corresponding central waveforms are derived using a validated mathematical transfer function. [12] [13] [14] Further analysis of the central waveform allows systemic arterial stiffness to be assessed by calculating the augmentation index (AIx), 11 and aortic stiffness to be estimated from the timing of the return of the reflected pressure wave to the ascending aorta.
We have previously demonstrated that, in older subjects with permanent cardiac pacemakers in situ and probable left ventricular dysfunction, increasing heart rate alters pulse pressure amplification, and that AIx (but not aortic stiffness) is linearly and inversely related to heart rate. 15 We hypothesized that this relationship may differ in younger subjects with normal ventricular function, more pronounced basal pressure amplification, and a lower resting AIx. The aim of this study was to test this hypothesis by studying the effect of incremental atrial pacing on the central pressure waveform over a physiologic range of heart rates, in a group of subjects across a relatively wide age range undergoing electrophysiologic testing or cardiac catheterization.
Methods

Subjects
Twenty patients (mean age 47 years, range 20 to 72 years), were recruited at Harefield Hospital in Middlesex. Seventeen patients were studied immediately before electrophysiologic investigation of cardiac dysrhythmias or accessory pathways, and three patients after diagnostic coronary angiography, all of whom had atypical chest pain and no evidence of significant coronary artery stenosis. Table 1 provides a summary of patient characteristics. All subjects had normal left ventricular function (defined as an ejection fraction Ͼ60%) as assessed by echocardiography or ventriculography, and were in sinus rhythm at the time of the investigation. Cardioactive medication was discontinued 48 h before the study, in accordance with the usual electrophysiologic investigation protocol. All patients received 5 to 10 mg of intravenous midazolam before femoral venous catheterization and a bolus of 5000 IU of unfractionated heparin. The local research ethics committee gave approval for the study, and informed consent was obtained from each participant. The investigations conformed to the principles outlined in the Declaration of Helsinki.
Peripheral Hemodynamics
Peripheral blood pressure (BP) was measured in duplicate in the brachial artery of the nondominant arm using the validated Omron HEM-705CP oscillometric sphygmomanometer (Omron Corp., Tokyo, Japan). Mean arterial pressure was calculated by integration of the radial pressure waveform, using the SphygmoCor system described below.
Pulse Wave Analysis
Peripheral pressure waveforms were recorded from the radial artery of the nondominant hand at the wrist using applanation tonometry with SphygmoCor apparatus (SCOR; PWV Medical, Sydney, Australia), as previously described in detail. 15, 16 After 20 sequential waveforms had been acquired, the system software, which incorporates a validated mathematical transfer function, [12] [13] [14] was used to generate an average peripheral and corresponding central (ascending aortic) pressure waveform. 11 Ascending aortic pressure and AIx were derived from the central pressure waveform. Augmentation index was defined as the difference between the second (P 2 ) and first (P 1 ) peaks of the central arterial waveform, expressed as a percentage of the pulse pressure, and ejection duration as the time from the foot of the pressure wave to the incisura (Fig. 1) . The aortic pulse wave velocity was estimated by calculating the time between the foot of the pressure wave and the inflection point, which provides a measure of the timing of the reflected wave, as described previously.
17,18
Study Protocol
A 6F bipolar pacing electrode was positioned in the right atrium under radiographic screening via a femoral vein sheath. After 20 min of acclimatization, baseline values of peripheral BP and radial pressure waveforms were determined in duplicate. Subjects were then paced via the right atrium at 80, 100, and 120 beats/min. Hemodynamic measurements were repeated at each heart rate after 4 min of pacing. Subjects with a resting heart rate Ͼ80 beats/min (four individuals) were paced at 100 and 120 beats/min. An electrocardiogram was recorded throughout the study to ensure that the heart rate accorded with the pacing rate and that there was no rhythm disturbance or evidence of aberrant conduction.
Data Analysis
All data were analyzed as changes from baseline, using analysis of variance (ANOVA). Comparisons between data were made using repeated-measures ANOVA or Student t tests, as appropriate. The four missing values at 80 beats/min were excluded from analysis using paired Student t tests. The statistical package for data analysis (Prism 3.0 for Windows, Graph Pad Software Inc., San Diego, CA) used a general linear model to allow computation of the ANOVA statistics. All values are reported as means Ϯ SEM, unless otherwise stated. A value of P Ͻ .05 was considered as statistically significant. To investigate the effect of age on hemodynamic responses to pacing subjects were split into two subgroups: those Ͻ40 years of age, and those Ͼ40 years. This value was selected because it provided two groups of equal size with differing mean ages.
Results
Subject characteristics are presented in Table 1 . After 20 min of stabilization, the mean resting heart rate of the study group was 65 Ϯ 3 beats/min, and AIx was 16% Ϯ 3%. At baseline, brachial artery systolic pressure was significantly higher than central systolic pressure (130 Ϯ 4 v 117 Ϯ 4 mm Hg; P Ͻ .001), and brachial diastolic pressure was significantly lower than that in the ascending aorta (81 Ϯ 3 v 82 Ϯ 3 mm Hg; P Ͻ .001).
Incremental right atrial pacing, from baseline to 120 beats/min, was not associated with any change in peripheral systolic (130 Ϯ 4 to 131 Ϯ 4 mm Hg; P ϭ .6), diastolic (81 Ϯ 3 to 83 Ϯ 3 mm Hg; P ϭ .5), or pulse (48 Ϯ 3 to 48 Ϯ 3 mm Hg; P ϭ .7) pressures (Table 2) . However, there was a significant reduction in central systolic and pulse pressures and an increase in central diastolic pressure (Table 3 ). The largest reduction in central systolic pressure was observed as the heart rate increased from 65 to 80 beats/min. Indeed, there was no significant change in central systolic pressure between 80 and 120 beats/min. Fig. 2 illustrates the changes in the central waveform with pacing in one subject.
Pressure amplification from the aorta to the brachial artery, as assessed by the ratio of peripheral to central pulse pressure, was significantly enhanced in a linear manner as heart rate was increased (r ϭ 0.52, P Ͻ .001; linear regression analysis), as illustrated in Fig. 3A . However, there was no significant change in the ratio of peripheral pulse pressure to nonaugmented central pulse pressure (P 1 -CDBP). This ratio provides an assessment of pressure amplification devoid of the influence of wave reflection within the arterial tree and, thus, the intrinsic biophysical properties of the aortobrachiocephalic system.
Augmentation index declined linearly with increasing heart rate (r ϭ Ϫ0.70, P Ͻ .001; linear regression analysis), as illustrated in Fig. 3B . The slope of the regression line was Ϫ0.56, indicating a fall of ϳ5.6% for each 10-beats/min increment in heart rate. Pacing was not associated with any change in the estimated aortic pulse wave velocity (Table 3) , but it did result in a significant, linear reduction in ejection duration (r ϭ Ϫ0.75, P Ͻ .001; linear regression). The height of the first systolic peak (P 1 ) did not change with increasing heart rate ( Table 3) , but the first peak did occur significantly earlier in the cardiac 
HR ϭ heart rate; AIx ϭ augmentation index; PSBP ϭ peripheral systolic blood pressure; PDBP ϭ peripheral diastolic blood pressure; PMAP ϭ peripheral mean arterial pressure; PPP ϭ peripheral pulse pressure; ED ϭ ejection duration. All values are quoted as means Ϯ SEM. Overall significance was determined using ANOVA, as change from values at baseline. Bonferroni's multiple comparison test was used to compare values during pacing at each rate with those at baseline, and significant differences are indicated as: * P Ͻ .001.
cycle (110 Ϯ 4 msec at baseline v 101 Ϯ 3 at 120 beats/min; P ϭ .04).
The baseline hemodynamics for the two subgroups defined according to age are presented in Table 4 . In the younger age group, augmentation index and peripheral diastolic BP were significantly lower; amplification was higher; and heart rate and peripheral systolic pressure were not different. Neither the affect of increasing heart rate on peripheral and central BP nor on AIx differed significantly between the two groups. Moreover, the slopes of the linear regression lines for amplification (0.007 in subjects aged Ͻ40 years v 0.013 in those aged Ͼ40 years; P ϭ .1) and AIx (Ϫ0.49 v Ϫ0.59; P ϭ .3) against heart rate were not significantly different.
Discussion
In the present study, we used cardiac pacing to evaluate the affect of heart rate on central and peripheral hemodynamics in a group of patients with normal left ventricular function. The main findings were that pulse pressure amplification from the aorta to the brachial artery was positively and linearly related to heart rate. There was also an
FIG. 2.
Effect of heart rate on the shape of aortic waveform. Ascending aortic waveforms from one subject, illustrating effect of increasing heart rate. CSBP ϭ central systolic blood pressure; CDBP ϭ central diastolic blood pressure; CPP ϭ central pulse pressure; P 1 ϭ height of the first systolic peak of the central waveform; T R ϭ time to inflection point; other abbreviations as in Table 2 . All values are quoted as means Ϯ SEM. Overall significance was determined using ANOVA, as change from values at baseline. Bonferroni's multiple comparison test was used to compare values during pacing at each rate with those at baseline, and significant differences are indicated as: * P Ͻ .05; † P Ͻ .01; ‡ P Ͻ .001. inverse, linear relationship between AIx and heart rate, but incremental pacing had no effect on aortic stiffness. The effect of heart rate on amplification and AIx was not influenced by age.
Pressure Amplification
Pulse pressure, a surrogate measure of arterial stiffness, varies throughout the arterial tree, 4 in part because of differences in vessel compliance and the phenomenon of wave reflection. 5 Normally there is amplification of pulse pressure from the aorta to the periphery, mainly caused by a rise in systolic pressure, whereas diastolic pressure and mean arterial pressure are relatively constant. However, the degree of pressure amplification is not fixed and varies with posture, 4 exercise, 6 and age. 5 In the present study, increasing heart rate resulted in a significant linear rise in pressure amplification, and the relationship did not differ between the older and younger age groups. On average, amplification increased from 1.39 (39%) at baseline at a heart rate of 65 beats/min, to 1.95 (95%) at 120 beats/min. Indeed, although central pulse pressure fell by approximately 6 mm Hg for each 20-beats/min elevation in heart rate, there was no significant change in peripheral pulse pressure. Therefore, simply assessing peripheral pulse pressure will not provide a reliable surrogate of changes in central pulse pressure as, indeed, we have recently demonstrated for acute changes in mean arterial pressure. 19 In contrast, there was no alteration in the ratio of peripheral pulse pressure to nonaugmented central pulse pressure (P 1 -CDBP) during pacing. This indicates that the effect of heart rate on pulse pressure amplification is due to reduced wave reflection and a consequent change in the shape of the ascending aortic waveform (input waveform), rather than any change in the transmission characteristics of the subclavian-brachiocephalic system. Indeed, brachial artery distensibility is unaffected by age 20, 21 and hypercholesterolemia, 22 and consistency of wave transmission in the arm has been observed using invasive waveform recordings.
12,23,24 Moreover, as there was no significant change in either mean arterial pressure or aortic pulse wave velocity in the present study, it is unlikely that a heart rate-dependent alteration in arterial stiffness was responsible for the observed change in amplification.
Blood Pressure
Consistent with previous data in healthy subjects, 25 there was no change in brachial systolic pressure with increasing heart rate. Although there was a trend toward a small increase in peripheral diastolic pressure with incremental pacing in the present study, this did not reach significance, perhaps as a consequence of the narrow pacing range and the relatively small sample size. However, as expected, 26 there was a significant rise in central diastolic pressure, probably resulting mainly from a reduction in the time for diastolic decay.
In contrast to the lack of change in peripheral pressures there was a significant reduction in central systolic pressure, in response to pacing, which reinforces the important contribution that wave reflection makes to the central pressure waveform. The average AIx of the present study group was 16%, indicating positive augmentation of central systolic pressure by the reflected wave. Therefore, the observed decline in central systolic pressure with increasing heart rate is likely to be a result of reduced pressure augmentation, as measured by the fall in AIx. Indeed, increasing the heart rate beyond 100 beats/min (at which point AIx was only 1%) did not lead to any further reduction in central systolic pressure despite a continued decline in AIx, because beyond this point the first, and not the second, systolic peak defines central systolic pressure.
We could not assess cardiac output directly in the present study, due to interference between the transthoracic bioimpedance device (BOMED) (NCCOM3-R7; Biomed, Irvine, CA) and the pacing current. However, it is unlikely that a change in cardiac output accounts for the effect of increasing heart rate on central systolic pressure because the height of the first systolic peak (P 1 ), which provides an estimate of stroke volume, assuming constant aortic route diameter and input impedance, 5 did not change during pacing. However, the earlier occurrence of the first systolic peak and reduction in (P 1 -CDBP) suggests a shortening of the rapid phase of ventricular ejection and a reduced peak ejection velocity.
Arterial Stiffness
As expected, incremental pacing resulted in a linear decline in AIx (Fig. 3B) . However, the observed reduction of approximately 5.6% for each 10-beats/min increment in heart rate was similar to that we have reported previously in older subjects with left ventricular impairment, 15 suggesting that the relationship between heart rate and AIx is not affected by age. Indeed, in the present study the slope of the regression line did not differ significantly between the subgroup of subjects aged Ͻ40 years compared with those aged Ͼ40 years (Ϫ0.49 v Ϫ0.59, respectively; P ϭ Table 2 . All values are given as means Ϯ SEM. Differences between groups were compared using unpaired Student t test and, unless indicated otherwise (* P Ͻ .05), were not significantly different.
.3). Our results are consistent with those of Stefanadis et al, 27 who also demonstrated an inverse relationship between heart rate and AIx, but used ventricular rather than atrial pacing and analyzed descending but not ascending aortic waveforms.
Importantly, in the present study, increasing heart rate was not associated with any change in aortic stiffness, as assessed by identification of the systolic inflection point, which provides an estimate of the aortic pulse wave velocity. This is in keeping with our previous observations 15 and those of others, who have employed more direct methods of assessing arterial compliance in vivo. 28 -30 Moreover, the constancy of vessel wall compliance over a physiologic range of heart rates provides the basis for steady-state analysis of pressure-flow relationships, including derivation of vascular impedance. 31 Therefore, despite the observational data indicating a link between resting heart rate and arterial stiffness, 32 it is unlikely that the present relationship between pulse pressure amplification or AIx and heart rate is a consequence of any acute change in arterial stiffness. A more likely explanation is an effective shift of the reflected pressure wave from systole into diastole due to the shortening of ejection duration, which accompanied an increase in heart rate as previously described. 33, 34 Such an effect will lower the height of the second systolic peak, thus reducing augmentation of central systolic pressure and the AIx.
Study Limitations
In the present study, right atrial pacing was used to assess the effect of heart rate on central hemodynamics, with a stabilization period of 4 min at each rate. 26 This design allowed heart rate to be changed without the need for chronotropic drugs, thus minimizing any potential confounding effects of such agents on myocardial contractility, arterial compliance, or peripheral vascular resistance. However, all of our subjects received premedication with midazolam, which may have influenced the hemodynamic response to pacing. Seventeen subjects were studied immediately before therapeutic radio-frequency ablation and, although an electrocardiogram was continuously monitored throughout the study to ensure normal impulse conduction during pacing, the possibility remains that there may have been some degree of aberrant conduction that could have influenced the pattern of left ventricular ejection and therefore the hemodynamic response to pacing. In addition, although all cardioactive medication was stopped for 48 h before the study, we cannot exclude the possibility of residual drug effects influencing the present results. Finally, we assessed central hemodynamics noninvasively rather than directly, although the transfer function employed has been previously validated.
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Summary
In summary, changing heart rate from 65 to 120 beats/min was associated with a significant increase in pulse pressure amplification, due to a change in the shape of the central pressure waveform-the result of reduced wave reflection. There was a linear reduction in AIx and ejection duration, confirming our previous observations in older subjects. 15 Increasing heart rate was not associated with any significant change in aortic stiffness or nonaugmented pulse pressure amplification. These data indicate the important contribution that wave reflection makes to the central pressure waveform, and reinforce the notion that simply recording peripheral BP may not provide an accurate assessment of changes in central hemodynamics.
